Introduction {#s001}
============

I[n]{.smallcaps} 2006 [the Yamanaka\'s research group]{.smallcaps} made a breakthrough discovery that added another dimension to the stem cell field.^[@B1]^ They found that the introduction of four transcription factors (*Oct4*, *Sox2*, *Klf4*, and *cMyc*) into murine fibroblasts using retrovirus forces them to acquire embryonic stem cell (ESC)-like properties, such as self-renewal and pluripotency. These cells, named induced pluripotent stem cells (iPSCs), were shown to be morphologically, molecularly, and functionally similar to ESCs. The next year, two groups generated the first iPSCs from human fibroblasts.^[@B2],[@B3]^ Since then many types of somatic cells have been reprogrammed, including those from patients with different inherited disease types.^[@B4]^ In addition, reprogramming methods became more efficient, reproducible and enable generation of transgene-free iPSCs under xeno-free conditions, which is an important prerequisite for their potential clinical application.^[@B5]^ iPSCs can be differentiated into cells derived from the three embryonic germ layers (i.e., ectoderm, endoderm, and mesoderm) allowing the possibility to model diseases. iPSC-based disease models that closely recapitulate disease-specific phenotypes *in vitro* at the molecular and functional level were described for diverse inherited cardiovascular,^[@B6]^ hematopoietic,^[@B7]^ neurological,^[@B8]^ and metabolic diseases,^[@B9]^ most of which were monogenic. These patient-specific iPSC-based disease models have a great potential for investigation of disease pathophysiology *in vitro*, screening of new therapies or cell therapy applications with gene corrected cells.^[@B10]^

Chronic granulomatous disease (CGD) is a rare inherited immunodeficiency syndrome with an estimated prevalence of 1:250,000 in Europe.^[@B11]^ CGD is characterized by recurrent and life-threatening infections in early childhood and is caused by mutations in one of the five genes encoding the proteins of the reduced nicotinamide-adenine-dinucleotide-phosphate (NADPH) oxidase complex expressed in phagocytic cells (neutrophils, monocytes/macrophages) and responsible for the production of antimicrobial and antifungal reactive oxygen species (ROS). The two transmembrane subunits, gp91^*phox*^ (NOX2) and p22^*phox*^, and the cytosolic components p40^*phox*^, p47^*phox*^, and p67^*phox*^ are encoded by the *CYBB*, *CYBA*, *NCF4*, *NCF2*, and *NCF1* genes, respectively. The X-linked gp91^*phox*^ and the autosomal recessive p47^*phox*^ deficiencies represent the most common genetic forms of CGD (70% and 25%, respectively).^[@B12]^ The main treatment is based on antibiotic and antifungal prophylaxis. At present, bone marrow transplantation is the only curative treatment proposed to the patients in case of a human leukocyte antigen-matched donor in the relatives. Gene therapy is still in development with variable results.^[@B15],[@B16]^ However, reliable cellular models of different genetic forms of CGD that could be used to develop new therapeutic approaches or study the pathophysiology of this disorder are missing. The only cell-based model mimicking the X-CGD are the knockout PLB-985 cells for the *CYBB* gene encoding gp91^*phox*^. These cells can be differentiated into phagocytes.^[@B17]^

The feasibility to generate phagocytic cells from normal human iPSCs was first demonstrated by Slukvin\'s group in 2009.^[@B18]^ After description of iPSCs derived from X-CGD mouse fibroblasts^[@B19]^ Zou et al. reported in 2011 for the first time the generation of human X^**0**^-CGD neutrophils from iPSCs derived from human mesenchymal stromal cells.^[@B20]^ They succeeded to rescue the oxidase-deficiency phenotype of CGD iPSC-derived neutrophils with a zinc finger nuclease-mediated safe harbor targeting approach. One year later, AR47^**0**^- and two X-CGD mature monocytes/macrophages were produced from iPSCs and shown to be similar to blood-derived cells from CGD patients.^[@B21]^ Both obtained their phagocytic cells by hematopoietic differentiation of embryoid bodies (EBs) generated from iPSCs.^[@B20],[@B21]^ Hematopoietic differentiation of iPSCs can be induced directly from EBs or from coculture with stromal cells, such as OP9 cells.^[@B18]^ Then production of mature macrophages was achieved in a feeder-free system,^[@B21]^ while mouse and human neutrophils were generated in coculture with OP9 cells.^[@B19],[@B20]^

The objectives of this study were (1) to elaborate a simple and unique protocol for the induction of hematopoiesis in order to generate unlimited quantities of neutrophils or macrophages from CGD patient-specific iPSCs, with the same genotypic and phenotypic characteristics as the original phagocytic cells of the patient; and (2) to model three genetic forms of CGD including X^0^-linked, AR47^**0**^-CGD, and for the first time, the p22^*phox*^-deficient form of CGD (AR22^**0**^-CGD). iPSC lines described in this study will allow for pathophysiological studies of these three CGD genetic forms by using mature CGD neutrophils or macrophages *ex vivo*, the screening of candidate drugs, and the development of new therapeutic approaches.

Materials and Methods {#s002}
=====================

Ethics statement {#s003}
----------------

Skin biopsies from X^0^-linked, AR22^0^-, and AR47^0^-CGD patients were obtained after informed consent \[Ethical permission Ref Comité de Protection des Personnes Sud-Est V (CPP): 09-CHUG-36, Ref Etude: FibroCGD, N° AFSSAPS: 2009-A00944-53\].

Generation of human iPSCs and culture {#s004}
-------------------------------------

Human dermal fibroblasts (hDFs) were isolated from the skin biopsy of CGD patients and cultured in fibroblast culture medium \[Dulbecco\'s modified Eagle medium (DMEM)-glutamax supplemented with 10% fetal bovine serum (FBS), 1% nonessential amino acids (NEAA), 100 U/mL penicillin, 100 μg/mL streptomycin and 100 μM ß-mercaptoethanol (β-ME)\]. All cell culture reagents mentioned in this chapter were purchased from Invitrogen, if not stated otherwise. Reprogramming of AR22^0^- and AR47^0^-CGD hDFs was performed using episomal vectors as previously described^[@B22],[@B23]^ with minor modifications.

Briefly, 1×10^6^ hDFs were transfected with 2.5 μg of each of following episomal vectors: pCXLE-hOct3/4-shp53, pCXLE-hSox2-hKlf4, pCXLE-hLin28-hL-Myc (Addgene plasmid IDs: 27077, 27078, 27080, respectively) using Neon™ Transfection Device and a 100 μL Neon Tip according to the manufacturer\'s instructions (Invitrogen). X^0^-CGD and wild-type (WT) iPSC lines were generated from the hDFs infected in a single experiment with equal amount of pMX-based retroviruses (Addgene) encoding the human transcription factors Oct3/4, Sox2, Klf4, and cMyc as described previously.^[@B24]^ The iPSCs were maintained in an undifferentiated state on irradiated mouse embryonic fibroblasts (MEFs) in gelatin-coated wells with 1:1 DMEM: nutrient mixture F-12 (DMEM/F-12,) supplemented with 20% KnockOut^™^ Serum Replacement (KOSR), 8 ng/mL basic fibroblast growth factor (Miltenyi Biotec), 1% NEAA, 2 mM [l]{.smallcaps}-glutamine and 100 μM β-ME (Sigma-Aldrich), at 37°C in normoxic conditions and 5% CO~2~. The iPSCs were passaged using 1 mg/mL collagenase-IV treatment onto new MEFs. MEFs were cultured in DMEM high glucose with 20% heat-inactivated (FBS), 1% NEAA, and 1% penicillin-streptomycin.

Formation of embryoid bodies {#s005}
----------------------------

To induce the formation of EBs, undifferentiated iPSC colonies were harvested by treatment with collagenase-IV and dispersed by scraping to maintain the cells in small clumps. Then these clumps were transferred in a 10-cm Petri dish and cultured in static suspension in DMEM/F-12 supplemented with 20% KOSR, 1% NEAA, 2 mM L-glutamine and 100 μM β-ME. The medium was changed every 3 days. After 21 days, EBs were plated and culture was continued for 14 days.

Induction of hematopoietic differentiation {#s006}
------------------------------------------

The mouse bone marrow stromal cell line OP9 (ATCC^®^ CRL-2749™) was maintained on gelatinized flasks in α-minimum essential medium (MEM) medium (Invitrogen) containing 20% non-heat-inactivated defined FBS Hyclone (ThermoFischer) and cells were plated at a density of 8×10^3^ cells/cm^2^. Hematopoietic induction was performed as previously described with slight modifications.^[@B25]^ Briefly, 4 days after plating OP9 cells, iPSC colonies were harvested using 1 mg/mL collagenase-IV and small clumps were transferred onto OP9 cells. The differentiation culture medium consisted of α-MEM supplemented with 10% FBS Hyclone (ThermoFisher), 100 μM monothioglycerol (MTG) (Sigma-Aldrich), and 50 μg/mL ascorbic acid. The half medium of iPSCs/OP9 cocultures was changed on days 4, 6, 8, and 10. Cocultures were harvested at day 7, 10, or 13, and a single-cell suspension was prepared. Cells were washed with magnetic cell sorting (MACS) buffer (phosphate-buffered saline \[PBS\] with 5% FBS and 2 mM EDTA), filtered first through a 100-μm and then a 40-μm cell strainer (BD Biosciences) and used for flow cytometry, colony-forming cell assay, cell sorting, or further differentiations.

For some experiments, the single-cell suspension obtained from day 10 iPSCs/OP9 coculture was sorted after labelling with CD34 magnetic beads (Miltenyi Biotec) according to manufacturer\'s instructions. Viability and purity of the sorted CD34^+^ cells was determined by flow cytometry. They were used for further analysis, hematopoietic differentiation or were frozen in Iscove\'s modified Dulbecco\'s medium (IMDM) supplemented with 20% FBS and 10% dimethylsulfoxyde (DMSO) (Sigma-Aldrich) and preserved in liquid nitrogen. Cryopreserved CD34^+^ cells were thawed at 37°C and transferred in 1 mL of prewarmed IMDM, 20% FBS during 10 min and then 9 mL of medium were added to dilute the DMSO further. Cells were centrifuged and maintained in 10 mL of the same medium during 1 h at 37°C before further experiments.

Terminal differentiation into mature neutrophils {#s007}
------------------------------------------------

According to our protocol CD34^+^ cells sorted from day 10 cocultures were maintained in suspension culture at a density of 3--5×10^5^ cells/mL on poly-hydroxy-ethyl-methacrylate-coated (pHEMA, Sigma-Aldrich) 6-well plate for 4 days in IMDM supplemented with 20% FBS, 100 ng/mL stem cell factor, 100 ng/mL Flt3 ligand, 100 ng/mL interleukin (IL)-6, and 10 ng/mL thrombopoietin and 10 ng/mL IL-3. Then these cells were transferred onto fresh OP9 cells in six-well plates and the cytokines were replaced with 100 ng/mL granulocyte colony-stimulating factor alone for 11 days.^[@B20],[@B25]^ All the cytokines were provided from Miltenyi Biotec. Following differentiation, floating cells were collected for further analysis.

Terminal differentiation into mature macrophages {#s008}
------------------------------------------------

This protocol was adapted from published protocols.^[@B21],[@B25]^ Day 10 coculture-derived cells were cultured in suspension on pHEMA-coated T75 flasks in α-MEM containing 10% FBS Hyclone, 100 μM MTG, and 200 ng/mL granulocyte-macrophage colony-stimulating factor (GM-CSF) for 8 days, with half medium changed every 3 days. Then the medium was changed for IMDM with 10% FBS and 20 ng/mL macrophage colony-stimulating factor (M-CSF). All the cytokines were provided from Miltenyi Biotec. After 3 days, cells were filtered through a 40-μm cell strainer to eliminate aggregates and allowed to adhere onto 6- or 12-well plates in the same medium for 1 week, with half the medium changed after 3--4 days.

Colony forming unit assay {#s009}
-------------------------

To determine the myeloid potential, CD34^+^ sorted cells were plated in methylcellulose medium containing cytokines for myeloid differentiation (StemMACS HSC-CFU media 130-091-277, Miltenyi Biotec). Colony forming units (CFUs) were scored based on their morphology after 7--14 days of incubation.

May-Grunwald-Giemsa staining {#s010}
----------------------------

Cells were washed in PBS, cytospun (Cytospin 4, ThermoScientific), and stained with May-Grunwald-Giemsa (MGG). Slides were examined using a microscope (Nikon Eclipse TS1000), and images were acquired with a Nikon DS camera.

Alkaline phosphatase staining {#s011}
-----------------------------

Alkaline phosphatase activity was detected as previously described.^[@B24]^ Colonies were photographed using the phase-contrast microscope Zeiss.

Immunofluorescence staining {#s012}
---------------------------

Cells were fixed in 4% paraformaldehyde (Sigma) for 10 min, blocked with PBS, 5% bovine serum albumin, 5% goat serum for 10 min and permeabilized (if needed) with 0.25% Triton X-100 (Sigma). iPSC colonies were stained with the following conjugated antibodies: anti-Oct3/4 PerCP-cyanine5.5, anti-Sox2 AlexaFluor647 (AF647), and anti--stage-specific embryonic antigen-4 (SSEA-4) fluorescein isothiocyanate (FITC) all purchased from BD Biosciences. EBs were stained with anti-CD31-coupled phycoerythrin (PE) (BD Biosciences) or with the following primary antibodies from the Human Embryonic Germ Layer Characterization Kit (SCR030; Merck Millipore): anti-Nestin, anti-α-smooth muscle actin (αSMA), anti-α-fetoprotein (αFP), anti-microtubule-associated protein 2 (MAP2), and anti-cardiac troponin I. Alexa fluor 488 (AF488)--conjugated anti-rabbit immunoglobin G (IgG) or anti-mouse IgG (Invitrogen) were used as secondary antibodies. Nuclei were stained with Hoechst 33258 1 μg/mL (Sigma). Images were acquired using either a confocal laser-scanning microscope (TCS-SP2; Leica) or a fluorescence microscope (Olympus) and analyzed with ImageJ software.

Flow cytometry analysis {#s013}
-----------------------

Cells were suspended in fluorescence-activated cell sorting (FACS) buffer (PBS, 2% FBS, 2 nM EDTA, 0.05% NaN~3~) and stained with following conjugated antibodies all purchased from BD Biosciences excepted when stated otherwise: Vioblue^®^-conjugated anti-CD34 (Miltenyi Biotec); human leukocyte antigen-DR (HLA-DR) (Beckman Coulter), PE-conjugated anti-SSEA-3, Nanog, CD14, CD80 (Beckman Coulter), FITC-conjugated SSEA-4, CD11b, CD43, CD86 (Beckman Coulter), C-C chemokine receptor 7 (CCR7) (Beckman Coulter), allophycocyanin-conjugated anti-CD45, mannose receptor (MR) (Beckman Coulter), CD40 (Beckman Coulter), PerCP-cyanine5.5-conjugated Oct3/4, AF488-conjugated Tra-1-85 (Millipore), AF647-conjugated anti-Sox2, and Tra-1-81. Unconjugated antibody 7D5 directed against an external epitope of flavocytochrome *b*~558~ (D162-3; Clinisciences) and anti-p22^*phox*^ (clone 44.1; Tebu Bio) with secondary antibody conjugated with AF633 (Invitrogen) and PE (Beckman Coulter), respectively, were used for analysis of NADPH oxidase subunit expression.^[@B26],[@B27]^ Control staining with appropriate isotype-matched control was included to establish thresholds for positive staining. Cell viability was determined by staining with 7-amino-actinomycin D (BD Biosciences). Cell fluorescence was quantified using a FACS Canto II (BD Biosciences). Data were collected and analyzed with the FACS DIVA software (BD Biosciences) and FlowJo software (Tree Star).

Myeloperoxidase activity in neutrophils {#s014}
---------------------------------------

Myeloperoxidase staining was performed based on a previously published protocol.^[@B28]^ Briefly, neutrophils were cytospun onto glass slides and were overlaid with a solution of benzidine (4,4′-diaminobiphenyl; Sigma-Aldrich) and sodium nitroprusside (Prolabo) for 3 min and then in the presence of H~2~O~2~ (Sigma-Aldrich) for 15 min. Slides were washed, dried, and stained with 20% Giemsa for 20 min. Images were acquired using a microscope Nikon Eclipse TS1000 equiped with a camera Nikon DS.

Transmission electron microscopy {#s015}
--------------------------------

Fixation of the membranes was performed by incubation in 2% glutaraldehyde in phosphate buffer for 1 h. The fixed tissue was washed three times with PBS, dehydrated in ethanol, embedded in epoxy resin, and processed for electron microscopy as described previously.^[@B29]^ Sections were contrasted with uranyl acetate and lead citrate and observed with a Technai 20 electron microscope (FEI, [www.fei.com](www.fei.com)).

Exocytosis experiment {#s016}
---------------------

IPSC--derived neutrophils were pretreated with 0.25 mg/mL cytochalasin B (CB) for 7 min at 37°C prior to stimulation with 5 μM f-Met-Leu-Phe (fMLF) (Sigma-Aldrich) for 15 min at 37°C to induce degranulation. Supernatants (S) and pellets (P) of resting and CB/fMLF-stimulated cells were assayed for lactoferrin and gelatinase (MMP9). The release of lactoferrin was measured by enzyme-linked immunosorbent assay (ELISA) kit using an anti-human lactoferrin antibody (Calbiochem No. 427275) according to the manufacturor\'s instruction. MMP9 release was determined by gelatin zymography, an electrophoretic method for measuring proteolytic activity as described previously.^[@B30]^

Cytokine profile assay {#s017}
----------------------

Macrophages were stimulated for 24 h with 1 ng/mL lipopolysaccharides (LPS) from *Pseudomonas aeruginosa* (Sigma-Aldrich). The detection of 12 inflammatory cytokines was performed on cell media using a Multi-Analyte Profiler ELISArray^™^ kit (MEM-004A, Sigma-Aldrich) according to the manufacturor\'s instructions.

Phagocytosis assay by flow cytometry {#s018}
------------------------------------

Macrophages were incubated with AF488 fluorescent head-killed particles of *Staphyloccocus aureus* (Invitrogen) or with Zymosan particles isolated from *Saccharomyces cerevisiae* labeled with AF488 (Invitrogen) at a multiplicity of infection of 5:1. After 30 min at 37°C, the reaction was stopped by placing cells on ice.^[@B31]^ Cells were then analyzed by flow cytometry with a FACS Canto II (BD Biosciences), before and after adding 1 mg/mL trypan blue (Sigma Aldrich). Data were treated with FlowJo software (Tree Star).

Detection of reactive oxygen species produced by neutrophils or macrophages {#s019}
---------------------------------------------------------------------------

Reactive oxygen species (ROS) production in phagocytic cells was measured by flow cytometry in presence of 0.5 μM dihydrorhodamine-1,2,3 (DHR) (Tebu Bio), by chemiluminescence in presence of luminol and horseradish peroxidase (HRPO) or by the nitro blue tetrazolium (NBT)-reduction test after opsonized latex beads phagocytosis as previously described.^[@B32],[@B33]^

Karyotyping {#s020}
-----------

Chromosome karyotyping (R-banding) was performed for each iPSC line using a protocol kindly provided by Dr. Pellestor (Laboratoire de Génétique Chromosomique, CHU de Montpellier, France). iPSCs were incubated with KaryoMAX^®^ Colcemid^™^ (Invitrogen) at 0.1 μg/mL during 90 min at 37°C. Cells were harvested using TrypLE (Invitrogen) and washed with PBS-2% FBS. Hypotonic choc was obtained after 20 min incubation at 37°C with prewarmed 0.75 M KCl and then stopped by adding cold fixation solution (methanol/acetic acid 3:1 v/v) and placing the cells on ice for 4 min. Then, cells were fixed by repeating three cycles of mixing with the cold fixation solution followed by centrifugation. Cells were finally incubated for 1 h at −20°C, centrifuged, suspended in fixation solution, and stored at −20°C before analysis. A total of 20 metaphases were examined, five of them karyotyped using a microscope Zeiss and a MetaSystems Ikaros^®^ karyotyping system.

Genomic DNA amplification and sequencing from iPSCs {#s021}
---------------------------------------------------

To verify the genetic defects, exon sequences of the genes involved (*CYBA*, *CYBB*, and *NCF1*) were amplified by polymerase chain reaction using appropriates forward and backward primers^[@B34]^ from genomic DNA purified from the iPSCs using a purification kit (FlexiGene DNA kit, Qiagen). They were then sequenced by Eurofins MWG Operon (Germany).

Array-comparative genomic hybridization {#s022}
---------------------------------------

Array-comparative genomic hybridization (array-CGH) was performed using a 60,000-oligonucleotide microarray (Human Genome CGH Microarray Kit 60K, Agilent Technologies), following the manufacturer\'s instructions. The average spacing of the probes was 54 kb. DNA from the patient (or patient-derived iPSCs) was compared with a homemade reference DNA. Genomic Workbench software, standard edition 6.5 (Agilent) was used to interpret the results with the following parameters: aberration algorithm ADM-2, threshold 6.0, fuzzy zero, centralization, and moving average window 0.5--1 Mb. A copy number variation (CNV) was noted if at least three contiguous oligonucleotides showed an abnormal log2 ratio (\>+0.58 or \<−1 according to the cyanin 5 deviation). Coordinates of all variations or probes are based on the University of California Santa Cruz (UCSC) GRCh37/hg19 assembly.^[@B35],[@B36]^

Statistical analysis {#s023}
--------------------

The nonparametric Wilcoxon signed rank test for paired samples was used to compare means for WT iPSC clones 3 and 4 and X^0^-CGD iPSC clones 1 and 6 across the time of hematopoietic differentiation. A two-way mixed model repeated measures analysis of variance followed by Tukey\'s post-hoc test was used for each marker separately to determine differences between days 7, 10, and 13. The normality was tested by Shapiro-Wilk test and normal quantile plots, and the equality of variance was tested by the use of Levene test. Results are therefore expressed as mean±standard error of the mean (SEM). Statistical differences were considered to be significant after Tukey adjustment if *p*≤0.05. Statistical analysis were performed using SAS 9.3 (SAS Institute Inc.). Graphical representations were done with GraphPad Prism 5 software with data presented as the mean±SEM. The statistical significances of the differences were evaluated by Student\'s *t*-test.

Results {#s024}
=======

Production and characterization of WT, X^0^-linked, AR22^0^-, and AR47^0^-CGD patient-specific iPSC lines {#s025}
---------------------------------------------------------------------------------------------------------

Two to three clones of each iPSC line were established from fibroblasts isolated from a healthy donor or three CGD patients suffering from different genetic types according to the procedures mentioned in "Material and Methods." All the AR22^0^-CGD iPSC colonies cultured in an undifferentiated state showed a specific hESC-like morphology, a high alkaline phosphatase activity, and the expression of pluripotency markers Oct4, Sox2, Nanog, SSEA-3, SSEA-4, and Tra-1-81 as determined by immunocytochemistry and/or flow cytometry ([Fig. 1A](#f1){ref-type="fig"}). Furthermore, they formed EBs *in vitro* containing cells originating from the three germ layers (ectoderm, mesoderm, and endoderm) as shown by expression of lineage-specific markers ([Fig. 1B](#f1){ref-type="fig"}). The same results were obtained from all the iPS cell lines (WT, X^0^-CGD, and AR47^0^-CGD) (data not shown). They also retained the *CYBB, CYBA*, and *NCF1* mutations found in the patient fibroblasts ([Fig. 2A](#f2){ref-type="fig"}) and exhibited normal karyotype ([Fig. 2B](#f2){ref-type="fig"}).

![*In vitro* characterization of induced pluripotent stem cells (iPSC) lines from AR22^0^-CGD (chronic granulomatous disease) patients. **(A)** Representative image of human embryonic stem cell (ESC)-like morphology of iPSC line. A high alkaline phosphatase activity in iPSCs is shown by phase-contrast microscopy (scale bars: 200 μm). Immunofluorescence confocal images (*upper panel*) show the expression of pluripotency-associated transcription factors Oct4 and Nanog and the surface marker stage-specific embryonic antigen-4 (SSEA-4; in green) with nuclei counterstained with Hoechst in red (scale bars: 50 μm). Fluorescence-activated cell sorting analysis reveals the expression of the transcription factors Oct4, Sox2, and Nanog, and the surface markers SSEA-3, SSEA-4, and Tra-1-81. Isotype controls are represented by gray-filled curves. These results are representative of 3 independent experiments. **(B)** Characteristic morphology of embryoid bodies (EBs) was assessed by phase-contrast microscopy (scale bar: 200 μm). Immunofluorescence analysis of *in vitro* differentiated EBs demonstrates the expression of specific markers of the three embryonic germ layers: ectoderm (nestin and MAP2: green), mesoderm (αSMA and troponin: green) and endoderm (α-AFP: green; CD31: red). Nuclei were counterstained with Hoechst in red. Scale bars (20 μm or 50 μm) are shown on each panel.](fig-1){#f1}

![Genetic characterization of iPSC lines from healthy and X^0^-linked AR22^0^- and AR47^0^-CGD patients. **(A)** Sequencing analysis confirms that CGD-iPSC lines retain the mutations of CGD patients. X^0^-linked CGD: c.469C\>T nonsense mutation in exon 5 of *CYBB* gene leading to a stop codon TGA in the gp91^*phox*^ protein (p.Arg157X); AR22^0^-CGD: deletion of 7pb in exon 5 of *CYBA* gene (c295_301delGTGCCCG) leading to a premature stop codon in the p22^*phox*^ protein (p.Val99ProfsX90); AR47^0^-CGD: GT dinucleotide deletion at the beginning of the exon 2 of the *NCF1* gene (c.75_76delGT) leading to a premature stop codon in the p47^*phox*^ protein (p.Tyr26HisfsX26). **(B)** Karyotype analysis for wild-type (WT) and the three CGD-iPSC lines shows normal human karyotype (46XX or 46XY). **(C)** Array-comparative genomic hybridization (array-CGH) profile of chromosome 18 from X^0^-CGD iPSC clone 7 shows two large telomeric deletions (6.43 Mb and 18.5 Mb).](fig-2){#f2}

Further analysis by array-CGH was performed on every clone to detect whether major chromosomal abnormalities or CNV were induced following iPSC reprogramming. Two large telomeric deletions were found in the X^0^-CGD iPS clone 7 that was excluded from further experiments ([Fig. 2C](#f2){ref-type="fig"}). The first deletion is a 6.43-Mb loss extending from base pair 14,316 (first deleted oligonucleotide) to base pair 6,357,632 (last deleted oligonucleotide) (NCBI, hg 19) from the 18p telomere. The second is an 18.5-Mb deletion from base pair 59,481,918 (first deleted oligonucleotide) to 77,982,126 (last deleted oligonucleotide) from the 18p telomere. No other abnormalities were found in the other iPSC clones.

Induction of hematopoietic differentiation to generate CD34^+^ progenitors {#s026}
--------------------------------------------------------------------------

An efficient hematopoietic differentiation of iPSCs can be induced by coculture with OP9 bone marrow mouse stromal cells.^[@B37],[@B38]^ In order to optimize the timing for generation of CD34^+^ progenitor cells from iPSCs, kinetics of differentiation of X^0^-linked CGD and WT iPSC lines were analyzed by the disappearance of pluripotency markers and appearance of the hematopoietic marker CD34 using flow cytometry at day 7, 10, or 13 of coculture with OP9 cells ([Fig. 3A](#f3){ref-type="fig"}). Expression of Tra-1-81 and SSEA-4 markers was markedly decreased at day 7, confirming the differentiated state of iPSCs at that time.

![Hematopoietic differentiation during WT and X^0^-CGD iPSC/OP9 coculture and generation of iPSC-derived CD34^+^ hematopoietic progenitors. **(A)** Kinetic analysis of the expression of pluripotency (SSEA-4 and Tra-1-81) and hematopoietic (CD34) markers during *in vitro* hematopoietic differentiation of iPSC/OP9 coculture (days 7, 10, and 13). Two clones for each iPS cell line were used. Data represent means±SEMs of *n*=3 for SSEA-4 and Tra-1-81 and *n*=4 for CD34; \*\**p*\<0.01. **(B)** Hematopoietic potential of CD34^+^ progenitors. Colony forming unit (CFU) assay performed on iPSC-derived CD34^+^ cells isolated from iPSC/OP9 coculture at day 10 shows representative myeloid colonies (CFU-M, -GM, and -G) generated after 14 days of incubation (scale bars: 500 μm) and May-Grunwald-Giemsa (MGG) staining of isolated cells from these colonies (scale bars: 20 μm). **(C)** Effect of freezing/thawing of CD34^+^ progenitors at day 10 on their hematopoietic differentiation potential. Results are expressed as percentage of CFU before freezing and after thawing of day 10 CD34^+^ cells. *n*=4; *ns*: nonsignificant. **(D)** Average yield of CD34^+^ cells sorted after 10 days of coculture of WT, X^0^-linked, AR22^0^-, and AR47^0^-CGD iPSCs with OP9 cells (*n*=8). Data represent means±SEMs.](fig-3){#f3}

Undifferentiated iPSCs (day 0) did not express the hematopoietic markers CD34 (data not shown), but during the time course of OP9 coculture, the proportion of CD34^+^ cells significantly peaked at day 10 of differentiation for both the WT and X^0^-CGD iPSCs ([Fig. 3A](#f3){ref-type="fig"}). Two different clones of the X^0^-CGD and WT-iPSCs were used and no significant difference in the timing of differentiation was observed. These preliminary results showed that the optimal production of CD34^+^ cells occurred at day 10 of coculture. Therefore, in all subsequent experiments, hematopoietic differentiation was terminated at that time. In order to ascertain their hematopoietic potential, CD34^+^ progenitors obtained at day 10 were subjected to the colony-forming cells (CFC) assay. CD34^+^ were sorted cells after labelling with CD34 magnetic beads and cultured in methylcellulose with hematopoietic cytokines. Under these conditions these cells gave rise to myeloid colonies with typical morphologies (CFU-granulocyte \[CFU-G\], CFU-macrophage \[CFU-M\], and CFU-GM), and MGG staining confirmed the identity of these colonies by the presence of mature neutrophils, macrophages or both cell types ([Fig. 3B](#f3){ref-type="fig"}).

In order to save time for a rapid production of mature phagocytic cells upon request, we next tested the impact of freezing/thawing on CD34^+^ progenitors\' ability. CFC assay was performed after freezing and subsequently thawing of the CD34^+^ progenitors and we demonstrated identical progenitor ability of the CD34^+^ cells before and after thawing ([Fig. 3C](#f3){ref-type="fig"}). Moreover, the majority (85%--90%) of these CD34^+^ progenitors were CD43^−^ CD45^−^ (data not shown). Finally, the number of CD34^+^ cells obtained using this protocol was analyzed for the WT and the three CGD iPSC lines (X^0^-linked, AR22^0^-CGD, and AR47^0^-CGD). The average production of CD34^+^ cells was of 3.3×10^5^ cells from 2×10^6^ iPSCs per 75 cm^2^ flask (s^[@B2]^=1.1×10^5^, range of 1.8--5.4×10^5^ cells in 32 independent cultures) ([Fig. 3D](#f3){ref-type="fig"}) with a purity of sorting cells about 87.4% (s^[@B2]^=7.2%, range of 62.6%--96.7% in 32 independent cultures) and a cell viability of 79.3%±5.0% as determined by trypan blue exclusion assay. These data confirmed that our selected protocol was able to generate a large number of CD34^+^ cells with myeloid differentiation potential, which is conserved even after sorting and thawing.

Successful differentiation of CGD iPSCs into mature neutrophils {#s027}
---------------------------------------------------------------

Fifteen days after initiating the differentiation of sorted CD34^+^ cells into neutrophils using the protocol described in [Fig. 4](#f4){ref-type="fig"}, floating cells were harvested and analyzed. Morphological analysis of AR22^0^-CGD iPSC-derived neutrophils by MGG staining and electron microscopy revealed that they looked similar to blood-derived neutrophils: they were characterized by a poly-segmented nucleus and the presence of different types of more or less dense granules that suggests the development of diverse populations of granules during maturation ([Fig. 5A](#f5){ref-type="fig"}). The average number of floating cells obtained from 1×10^6^ CD34^+^ cells was 1.68×10^5^ cells (range: 0.55--2.7×10^5^ cells in 16 independent cultures). We chose to show the AR22^0^-CGD iPSC-derived neutrophils because this disease model has never been reported before. Similar data for maturation of neutrophils were also obtained from WT and other CGD-derived iPSC lines (data not shown). Based on their morphology after MGG staining, the purity of neutrophils was estimated to be around 50%--70% in neutrophil populations derived from all iPSC lines. Approximately 10% were monocytes/macrophages and 20%--40% were myeloid progenitor cells. The average yield of neutrophils was around 3×10^5^ mature cells from 1.5×10^6^ CD34^+^ cells (range: 6.0×10^4^ to 0 7.2×10^5^ cells in 16 independent cultures). The proportion of myeloperoxidase (MPO)-positive cells was scored and revealed that the AR22^0^-CGD iPSC-derived neutrophils contained MPO, confirming the presence of azurophilic granules in these cells ([Fig. 5A](#f5){ref-type="fig"}).

![Experimental design for the generation of mature neutrophils and macrophages from iPSCs. Schematic representation of the two-step protocol used to obtain CD34^+^ hematopoietic progenitors (D10) and further differentiation into mature neutrophils (D25) and macrophages (D28). White star (\*) indicates that CD34^+^ progenitors were isolated from day-10 coculture by magnetic cell sorting. FBS, fetal bovine serum; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; IL, interleukin; IMDM, Iscove\'s modified Dulbecco\'s medium; M-CSF, macrophage colony-stimulating factor; MEM, minimal essential medium; MTG, monothioglycerol; SCF, stem cell factor; TPO, thrombopoietin.](fig-4){#f4}

![Phenotypic characterization of AR22^0^-CGD iPS-derived neutrophils. **(A)** Characteristic mature neutrophil morphology shown by MGG staining and electron transmission microscopy. Neutrophils have poly-segmented nuclei and different cytoplasmic granules (*left* and *middle panels*) and high myeloperoxidase activity revealed by enzymatic assay confirming the presence of primary granules (*right panel*). Scale bars (20 μm, 2 μm, and 10 μm) as shown on each panel. **(B)** Lactoferrin release from AR22^0^-CGD iPSC-derived neutrophils treated with cytochalasin B and activated with f-Met-Leu-Phe (fMLF) as described in "Material and Methods." Results are expressed as the percentage of lactoferrin present in the supernatant or in the pellet of unstimulated and fMLF-stimulated neutrophils and are representative of two independent experiments. **(C)** Gelatin zymography performed with the pellet (P) and the supernatant (S) of unstimulated and stimulated neutrophils. Areas of proteolytic activity appear as clear bands against a dark blue background where the gelatinase (MMP9) has digested the substrate. The gelatinolytic activity of purified MMP-9 as a control is shown on the first column. This result is representative of two independent experiments.](fig-5){#f5}

To further characterize the functional phenotype of iPSC-derived neutrophils, we determined the nature of different subtypes of granules by measuring lactoferrin exocytosis and matrix-metalloprotease 9 (MMP9) activity after inducing the degranulation of neutrophils by fMLF stimulation in the presence of cytochalasin B. Lactoferrin and matrix-metalloprotease 9 (MMP9), markers of specific and tertiary granules, respectively, were readily detected in iPSC-derived neutrophils ([Fig. 5B, C](#f5){ref-type="fig"}). Similar results were obtained with the WT and the two other CGD iPSC-derived neutrophils confirming normal degranulation activity and enzymatic content in all these cell populations (data not shown).

Successful differentiation of CGD iPSCs into mature macrophages {#s028}
---------------------------------------------------------------

After macrophage differentiation as described above ([Fig. 4](#f4){ref-type="fig"}), adherent cells showed a fibroblastoid appearance and process extension, which are morphological characteristics of mature macrophages. Moreover, MGG staining and electron microscopy showed that these adherent cells obtained after 28 days of differentiation were morphologically mature macrophages with a round nucleus and large vacuoles in the cytoplasm ([Fig. 6A](#f6){ref-type="fig"}). The average production of macrophages was around 3×10^7^ mature cells from 10×10^6^ iPS cells (range: 1.2--12.3×10^7^ cells in 12 independent cultures). Phenotypic analysis by flow cytometry confirmed that more than 90% of the adherent cells were CD11b^+^ CD14^+^ CD45^+^ cells ([Fig. 6B](#f6){ref-type="fig"}). To further analyze the subtype of AR22^0^-CGD iPSC-derived macrophages, we measured by flow cytometry the expression of the human leucocyte antigen D-related (HLA-DR), the mannose receptor (MR, CD206), and the CC-chemokine receptor 7 (CCR7). This adherent population was predominantly positive for MR (80%--92%) and negative for both HLA-DR and CCR7 expression suggesting a M2c phenotype. Finally, we demonstrated that the AR22^0^-CGD macrophages expressed the antigen presentation co-stimulatory molecules CD40, CD80, and CD86 ([Fig. 6B](#f6){ref-type="fig"}). Similar expression levels of these molecules were detected in the WT and the other CGD iPSC lines (data not shown).

![Phenotypic characterization of iPSC-derived macrophages. **(A)** Morphology of adherent cells obtained after 28 days of differentiation, MGG staining, and electron transmission microscopy showing the characteristic morphology of AR22^0^-CGD iPSC-derived macrophages with round nucleus and cytoplasmic vesicles. Scale bars (100 μm, 20 μm, and 5 μm) are shown in each panel. **(B)** Phenotypic analysis by flow cytometry of adherent AR22^0^-CGD iPSC-derived macrophages stained with antibodies specific for CD11b, CD14, CD45, HLA-DR, CCR7, MR, CD40, CD80, and CD86 or isotype-matched controls (*gray* fill); these results are representative of two experiments. **(C)** Cytokine profiles of WT and CGD iPSC-derived macrophages activated for 24 hours with 1 ng/mL lipopolysaccharides (LPS). Measurement of cytokine production is performed in supernatant using a Multi-Analyte Profiler ELISArray^™^ kit. **(D)** Phagocytosis experiments of fluorescent *Staphyloccocus aureus* or zymosan particles by WT and CGD iPSC-derived macrophages. Results are expressed as the mean fluorescence intensity ratio of stimulated and unstimulated macrophages (*right panels*) as determined after flow cytometry (*left panels*) and are representative of two experiments.](fig-6){#f6}

Analysis of the inflammatory response of macrophages derived from WT iPSCs and X^0^-, AR47^0^-, and AR22^0^-CGD iPSC lines after LPS stimulation revealed that all these cells secrete IL-6, IL-8, and IL-10 into the medium supernatant while the rate of production of TNFα and GM-CSF was low and more dependent on the cell line ([Fig. 6C](#f6){ref-type="fig"}). IL-8 was produced even in the unstimulated WT and CGD macrophages. After stimulation with either fluorescent bacteria (*S. aureus*) or yeast particles (opsonized zymosan from *Saccharomyces cerevisiae* \[ZOPS\]) all of the iPSC-derived macrophages demonstrated phagocytosis ability ([Fig. 6D](#f6){ref-type="fig"}).

iPSC-derived neutrophils and macrophages as *in vitro* models of three CGD forms {#s029}
--------------------------------------------------------------------------------

Expression analysis of gp91^*phox*^ and p22^*phox*^, the two transmembrane subunits of the NADPH oxidase complex, was performed by flow cytometry in WT and all the CGD phagocytes. Both subunits were absent in AR22^0^-CGD and X^0^-linked CGD neutrophils and macrophages but present in AR47^0^-CGD neutrophils and macrophages ([Fig. 7A](#f7){ref-type="fig"}). Then, the capacity of phagocytic cells to produce ROS after soluble or particulate stimuli activation of the NADPH oxidase was evaluated by different methods. The WT and CGD neutrophils and macrophages were able to phagocyte opsonized latex beads but the purple formazan from the NBT reduction was only visible in the WT iPSC-derived phagocytes ([Fig. 7B](#f7){ref-type="fig"}). These results were confirmed in the DHR assay by the absence of ROS production in the phorbol 12-myristate 13-acetate (PMA)-stimulated CGD neutrophils ([Fig. 7C](#f7){ref-type="fig"}) and by chemiluminescence in both neutrophils and macrophages upon PMA or ZOPS stimulation ([Fig. 7D](#f7){ref-type="fig"}). WT phagocytic cells showed a high ROS production, but with distinct kinetics depending on the cell and the stimuli types.

![Functional characterization of neutrophils and macrophages derived from WT and CGD-iPSCs. **(A)** Expression of the NADPH oxidase subunits gp91^*phox*^ and p22^*phox*^ in neutrophils and macrophages derived from WT and CGD-iPSC lines. Cells were incubated with the NOX2 monoclonal antibody 7D5 or the monoclonal antibody against p22^*phox*^ (clone 44.1) respectively, and then with a phycoerythrin-conjugated anti-mouse immunoglobin G (IgG) (H+L). Mouse IgG1 isotype was used as an irrelevant monoclonal antibody. Results are representative of three independent experiments. **(B)** Nitro blue tetrazolium (NBT) reduction assay on opsonized latex beads-activated WT or CGD iPSC-derived neutrophils and macrophages (*n*=2). Reactive oxygen species (ROS)-mediated NBT reduction is shown as blue formazan precipitates in WT neutrophils and macrophages only (scale bars: 20 μm). **(C)** Images of dihydrorhodamine-1,2,3 (DHR) dot plot showing ROS production by phorbol 12-myristate 13-acetate (PMA)-stimulated neutrophils derived from WT and AR22^0^-CGD-iPSCs. **(D)** Kinetics of H~2~O~2~ production measured by luminol-enhanced chemiluminescence assay during 60 min after stimulation of WT and CGD neutrophils (*upper panels*) or macrophages (*lower panels*) with phorbol 12-myristate 13-acetate (PMA) or opsonized zymosan (ZOPS) particles. Inserts represent enlargement of the Relative Luminescence Unit Scale for neutrophils. Results are representative of three independent experiments.](fig-7){#f7}

First ROS production was rather similar in the WT neutrophils and macrophages for ZOPS stimulation. PMA induced a higher stimulation than ZOPS in the neutrophils whereas it was the contrary in the macrophages. In addition, there was a striking difference in the kinetics of ROS production after ZOPS stimulation between neutrophils and macrophages, with macrophages exhibiting more prolonged ROS production after yeast phagocytosis than neutrophils. Finally, a weak ROS production was detected in AR47^0^-CGD neutrophils compared with the other types of CGD neutrophils after PMA and ZOPS stimulation ([Fig. 7D](#f7){ref-type="fig"}). These results demonstrate that mature neutrophils and macrophages differentiated from all the CGD iPSCs reproduce the expected pathognomonic CGD cellular phenotype.

Discussion {#s030}
==========

In this study we describe for the first time the establishment of *in vitro* models of three genetic forms of CGD (i.e., X^0^-linked, AR47^0^, and AR22^0^) using patient-specific iPSCs obtained from human dermal fibroblasts. First, we performed both karyotyping and array-CGH assay to detect genomic aberrations in iPSC lines in order to discard aberrant clones. No abnormalities were found by karyotyping. However, two large telomeric duplications in an X^0^-CGD clone were detected by array-CGH, which has a higher resolution than karyotype. In previous studies reporting the modeling of CGD from iPSCs, only karyotype was performed.^[@B19]^ Then we checked that the mutations detected in the CGD patients were also found in iPSCs. The non-sense mutation 469C\>T in exon 5 of *CYBB* leading to p.Arg157X in gp91^*phox*^, which is a relatively common mutation as seen in Roos et al.^[@B12]^ was successfully modelled. In addition, the *CYBA* mutation, a rare deletion c.295_301delGTGCCCG found in exon 5, was reproduced in iPSCs and derived phagocytes.

We have to underline that the AR22^0^-CGD form has not been modelled until now. The first human X-CGD form was modeled in 2011 by Zou et al. They produced neutrophils carrying a non-sense 458T\>G mutation that is very close to our mutation.^[@B20]^ One year later, two other X-linked mutations were modelled in macrophages using patient-specific iPS cells.^[@B21]^ Our third iPS cell line is derived from a patient carrying the most frequent mutation (of more than 300 mutations listed^[@B13]^), c75_76delGT in *NCF1* leading to the p.Tyr26HisfsX26 defect in p47^*phox*^ and representing 95% of the AR47-CGD. The novelty is not only that we succeeded to model the AR22^0^-CGD genetic form for the first time but also we managed to produce neutrophils and macrophages in parallel from the same pool of CD34^+^ precursors using a simple, reproducible, and cheap protocol based on previous published work.^[@B20],[@B21],[@B38]^

Our choice of an efficient protocol for the production of both neutrophils and macrophages was guided by constraints of time, ease, differentiation, efficiency, and financial considerations. Hematopoietic differentiation was first described on mouse and human ESCs for the production of mature neutrophils and macrophages and then applied on iPSCs.^[@B39]^ It was generally induced either through a first step of EB formation^[@B20],[@B21],[@B39],[@B41]^ or by a coculture of iPSCs with murine stromal OP9 cell lines.^[@B18],[@B19],[@B25],[@B46]^ The first step of our protocol was performed by inducing hematopoietic differentiation using iPSC/OP9 coculture system as previously described.^[@B25]^ What is new is that we specified the production yield at each step of differentiation. Indeed, we succeeded in producing a high amount of CD34^+^ progenitors (about 1--2.5×10^6^ cells from 10×10^6^ iPSCs, so several millions can be easily obtained by upscaling the culture conditions).

We have no comparison to data published by others, because quantitative data for the amount of precursors generated are rarely reported in the literature, especially from iPSC differentiation to obtain phagocytes. In addition, we characterized these CD34^+^ precursors and found that they were mainly CD45^−^ and CD43^−^ (data not shown). We suppose that they are earlier hematopoietic progenitors than those produced by Choi et al.^[@B18]^ Then we demonstrated for the first time that they conserved their hematopoietic potential toward myeloid lineage during freezing and thawing. This is an important point that simplifies the production of phagocytes. This first step was common for neutrophil and macrophage production and based on the simplification of Choi et al. differentiation protocol.^[@B18]^ Contrary to Choi and collaborators, we did not isolate our cells by Percoll gradient, and we performed a CD34^+^ cell sorting for neutrophil generation only.

We employed two different protocols to generate neutrophils and macrophages in parallel from the same pool of CD34-positive hematopoietic precursors. In comparison with other differentiation protocols that produced iPSC-derived neutrophils with only 30%--40% purity,^[@B20],[@B44]^ we improved the neutrophil purity to 50%--70%. We also quantified precisely the differentiation efficiency, a parameter not described before. Routinely from 5 million CD34^+^ progenitors, about one million neutrophils could be easily generated. However, it seems to be easier to generate a large amount of neutrophils from ESCs compared with iPSCs.^[@B39],[@B40]^ A second point to underline is that our culture duration for mature neutrophil generation was 2--5 days shorter (25 days) than other protocols.^[@B20],[@B44]^ However, quantitative analysis of neutrophils produced showed that the yield of neutrophil differentiation compared to the input number of CD34^+^ cells remains low. Attempt to expand the CD34^+^ population was without success.

Macrophage generation from human iPSCs was easier than differentiation of neutrophils. In our protocol, cells were not CD34^+^ sorted after the 10 days of hematopoietic differentiation. Short-term differentiation of coculture-derived cells into multipotent myeloid progenitors as proposed by Choi et al. were sufficient to generate monocytes.^[@B25]^ In our hands, a last step of adherence was necessary for terminal maturation and to improve the production yield and the purity.^[@B21],[@B45],[@B47],[@B48]^ Indeed, we succeeded to produce three billion pure (\>90%) macrophages from ten million of iPSCs. The only article describing monocytes/macrophages\' generation from CGD patient-specific iPSCs was published by Jiang et al.^[@B21]^ and was based on EB differentiation as initially described by Karlsson et al. for ESCs.^[@B42]^ Although they seemed to generate several million monocytes reproducibly, the purity and number of macrophages obtained were not clearly reported.^[@B21]^ Two recent articles described an efficient but more expensive protocol for serum-free, feeder-free generation of monocytes/macrophages from iPSCs.^[@B45],[@B48]^

Neutrophils and macrophages produced from control and the three CGD iPSC lines by our protocols were fully phenotypically and functionally characterized. CGD iPSC-derived phagocytic cells were analyzed by electron microscopy and appeared morphologically similar to human blood-derived neutrophils and macrophages. The presence of three populations of granules in control and CGD neutrophils was confirmed by cytochemical characterization (MPO-primary granules) and, for the first time, by demonstration of normal degranulation after fMLF stimulation (lactoferrin-secondary granules and MMP9-tertiary granules). Thus, these control and CGD iPSC-derived neutrophils are closer to blood-derived neutrophils than the HL60 or the PLB-985 cell lines, which do not possess secondary and tertiary granules.^[@B49],[@B50]^

Concerning characterization of macrophages, we have not only analyzed the expression of the classical CD14, CD45, and CD11b antigen surface markers and costimulatory molecules CD40, CD80, and CD86, but we also determined the subtype of macrophages produced using a set of three cell markers: the mannose receptor (MR, CD206) expressed on professional phagocytic cells, major histocompatibility complex (MHC) class II cell surface receptor HLA-DR expressed on antigen presenting cells, and C-C chemokine receptor type 7 (CCR7, CD197) that was recently shown to be expressed on monocytes but only in the presence of the pro-inflammatory molecule PGE2.^[@B51]^ The majority of macrophages produced were HLA-DR^−^ CCR7^−^, and MR^+^, specific to the M2c subtype of macrophages, which are regulatory macrophages involved in immunosuppression and wound healing/tissue repair.^[@B52]^ Human GM-CSF/interferon γ polarizes monocytes toward the M1 macrophage subtype, whereas treatment with M-CSF/IL-4 polarizes them to M2 macrophages. Therefore, it is not surprising to obtain M2 macrophages in our study after a step of terminal maturation performed in presence of M-CSF. Furthermore, we analyzed the cytokine release and confirmed previous results showing the production of IL-8 in resting macrophages.^[@B21]^ In addition the production of IL-6, IL-8, IL-10, and TNFα were found in control and CGD iPS-derived macrophages stimulated by LPS.^[@B21],[@B42]^ Finally, phagocytosis experiments using particulate stimuli such as opsonized latex beads, *S. aureus* and zymosan showed that CGD iPSC-derived neutrophils and macrophages possessed a phagocytic potential comparable to those derived from WT iPSCs.

AR22^0^-CGD iPSC-derived neutrophils and macrophages were generated for the first time in this study. We demonstrated that both subunits gp91^*phox*^ and p22^*phox*^ were absent in this cell line as well as in the X^0^-CGD, while they were present in the WT and the AR47^0^-CGD iPSCs. NBT test, fluorescent DHR, and the luminol-enhanced chemiluminescence assays showed that the phagocytic cells derived from the three CGD iPSC lines perfectly mimicked the oxidase-deficient phenotype as found in the original phagocytes from the CGD patients (data not shown). However, a residual activity was measured in the AR47^0^-CGD iPSC-derived neutrophils when assessed by chemiluminescence, which is a very sensitive assay. Indeed, residual NADPH oxidase activity in the AR47^0^-CGD patients\' neutrophils are often described.^[@B53]^ This proves that the AR47^0^-CGD iPSC-derived neutrophils we generated are close to the original blood-derived AR47^0^-CGD neutrophils.

Finally, we demonstrated that ROS deficiency does not have an effect on the kinetics and efficiency of hematopoietic differentiation by comparing the X^0^-CGD and the WT iPSC lines in our conditions. Moreover, the genetic defect does not interfere with the potential of CGD iPSCs to generate mature neutrophils or macrophages, as previously shown by others.^[@B19]^ Many studies are currently investigating the role of ROS during hematopoietic differentiation. Intracellular levels of ROS are strictly regulated in the bone marrow niche because thin balance is essential for maintenance of quiescence and self-renewal potential of hematopoietic stem cells as well as other functions such as survival/apoptosis, differentiation, and mobilization.^[@B54],[@B55]^ Further analysis of the specific role of ROS deficiency on the hematopoietic differentiation should be conducted by characterizing more precisely the different maturation steps of the X^0^-CGD progenitors compared with the control cells and this, in both normoxia and hypoxia culture conditions.

In conclusion, the presented study aimed to establish an efficient, easy and reproducible protocol for generation of neutrophils and macrophages from iPSCs reprogrammed from patients carrying three genetic forms of CGD: X^0^-linked, AR47^0^-CGD, and for the first time, AR22^0^-CGD. These *in vitro* cellular disease models represent promising tools that can be used for elucidating the pathophysiology of CGD and development of new therapeutic approaches for this disease. Furthermore, p22^*phox*^, p47^*phox*^, and gp91^*phox*^ expressed in several tissues and organs such as the brain, the kidney, and the cardiovascular tissue render these CGD cellular models relevant for the study of several pathologies connected with the absence of these subunits in these tissues.^[@B56]^
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